Cooling tower water has frequently been cited as a source of infection in outbreaks of Legionnaires' disease. However, there have been few reports on the presence of legionellae in aerosols from cooling towers. This paper describes our use of an impinger or a six-stage microbial impactor for detecting legionellae in air around a cooling tower contaminated with L. pneumophila (1.2±0.3×10 5 CFU/100 ml). Phosphate-buffered saline, Page's saline, 2% yeast extract solution and buffered yeast extract (BYE) broth were tested to evaluate their collection efficiency. These solutions were compared in laboratory experiments using an aerosol of L. pneumophila serogroup (SG) 1. Because BYE broth was the most efficient and storable collecting fluid among them, it was used for outdoor air sampling. In the outdoor air sampling, aerosolized L. pneumophila SG 6 was detected in the air around the cooling tower by the impinger (0.09 CFU/l. air). No legionellae were detected by the impactor with Legionellaselective agar plates (WYOa) because the plates were overgrown with fungi. Repetitive element PCR (rep-PCR) and arbitrarily primed PCR (AP-PCR) were employed to assess the epidemiological relationship among Legionella isolates from the air sample and the cooling tower water samples. L. pneumophila SG 6 isolated from the aerosols produced rep-PCR and AP-PCR fingerprints identical to those of L. pneumophila SG 6 strains from the cooling tower water, suggesting that the bacterium was aerosolized from the cooling tower.
INTRODUCTION
Legionella pneumophila, the causative agent of Legionnaires' disease and Pontiac fever, was first recognized in 1977 following an outbreak of acute pneumonia in Philadelphia, PA. (Fraser et al., 1977) . Since then, the bacterium has been isolated from numerous sources in the environment (WHO, 1990) , and revealed to be a ubiquitous freshwater inhabitant. It is believed that bacterial transmission to humans occurs through droplets generated from environmental sources such as cooling towers (WHO, 1990; Addiss et al., 1989; Bhopal et al., 1991; Keller et al., 1996) , showerheads (Bollin et al., 1985; Dennis et al., 1984) , whirlpools (Vogt et al., 1987; Zingeser et al., 1990) , and other human-made devices that generate aerosols (Arnow et al., 1982; Zuravleff et al., 1983) . Since legionellae widely inhabit many water environments, the significance of isolating the bacteria from water reservoirs of aerosol-producing devices is often uncertain (Redd and Cohen, 1987) . Therefore, detection of legionellae by air sampling is important in epidemiological investigations of Legionnaires' disease.
There have been several reports on air samplings for legionellae from indoor air environments to determine the source of outbreaks of Legionnaires' disease (Deniss et al., 1984; Zingeser et al., 1990; Breiman et al., 1990) . Breiman et al. (1990) demonstrated the presence of L. pneumophila in aerosols from evaporative condensers and cooling towers by means of indoor air sampling. This is the only report to provide evidence that a contaminated evaporative condenser or cooling tower produces aerosols containing legionellae, although cooling tower water has been repeatedly reported to be an infection source in many outbreaks of Legionnaires' disease (WHO, 1990; Addiss et al., 1989; Bhopal et al., 1991; Keller et al., 1996) . To our knowledge, there has been no report that Legionella aerosols generated from cooling towers are present in the outdoor air environment. The lack of direct evidence of legionellae in aerosols from outdoor cooling towers is one of the gaps in our understanding of the transmission of Legionnaires' disease.
Outbreaks of Legionella infection have also been reported in workplaces (Conwill et al., 1982; Herwaldt et al., 1984; Morton et al., 1986; Friedman et al., 1987; O'Mahony et al., 1989; Mitchell et al., 1990) . In addition, Buehler et al. (1985) reported prevalence of antibodies to L. pneumophila among workers exposed to aerosols from a contaminated cooling tower. These reports clearly indicate that exposures to legionellae occur in workplaces. Accordingly, we here used an impinger with buffered yeast extract (BYE) broth and a six-stage microbial impactor to measure legionellae from air around a cooling tower contaminated with L. pneumophila in an industrial setting. The possibilities of air sampling and detection of legionellae from outdoor air are also discussed.
MATERIALS AND METHODS

Bacteria and medium
L. pneumophila 285 strain (serogroup 1) isolated from cooling tower water was used in the laboratory experiments to evaluate the collecting fluid used in the recovery of Legionella aerosols. L. pneumophila serogroup (SG) 6 strain SI961001, isolated from the air around a cooling tower, and L. pneumophila SG6 strains SI961022-1, 961022-2, 961022-3 and 961022-4, isolated from the cooling tower water, were used for PCR fingerprintings. The epidemiologically unrelated L. pneumophila SG6 strain Chicago-2 (ATCC 33215) was also used for comparison. These strains were stored until needed in phosphate-buffered saline (PBS; 8 g of NaCl, 0.2 g of KCl, 2.9 g of Na 2 HPO 4 ·12H 2 O, 0.2 g of KH 2 PO 4 with 1 l. of distilled water) supplemented with 30% (vol./vol.) glycerine at Ϫ80°C, and recovered by subculturing on buffered charcoal-yeast extract agar supplemented with α-ketoglutarate (BCYEα) (Edelstein, 1981) . In some experiments, a liquid medium for legionellae (BYE broth; 2.3 g of yeast extract, 1.2 g of N-(2-acetamido)-2-aminothane-sulfonic acid, 0.2 g of α-ketoglutaric acid with 200 ml of distilled water, 0.08 g of L-cysteine, 0.05 g of ferric pyrophosphate, pH 6.9) was also used.
Sampling of Legionella aerosols in laboratory examination
Legionella aerosols were generated by an ultrasonic nebulizer (NE-U12; OMRON, Tokyo, Japan) and transported from the nebulizer to an all-glass metabolic chamber (vol., 7 l; Sibata Scientific Technology, Ltd., Tokyo, Japan) at 7 l./min for 2 min by a vacuum pump. The generating aerosols were stored in the chamber, and then the bacteria were recovered from the aerosols using an all-glass impinger (AGI-30; ACE Glass, Vineland, NJ) with a flow rate of 12.5 l./min for 1 min (Fig. 1) . The impinger contained 20 ml of one of the following sterile fluids: PBS, Page's saline (0.120 g of NaCl, 0.004 g of MgSO 4 ·7H 2 O, 0.004 g of CaCl 2 ·2H 2 O, 0.142 g of Na 2 HPO 4 , 0.136 g of KH 2 PO 4 with 1 l. of distilled water, pH 6.8-7.0) (Page, 1967) , 2% (wt/vol.) yeast extract (YE) solution or BYE broth. These collecting fluids were stored at 4°C for 0, 1, 2, 4, 7, 14 or 20 days and then inoculated onto BCYEα agar plates.
The collection efficiencies between the collecting fluids were statistically assessed by Student's t-test.
Determination of viable count of legionellae in cooling tower water samples
Three water samples (1 l. each) were collected from a factory cooling tower during 2 weeks between August and September 1996. Each sample (0.5 ml) was mixed with an equal volume of 0.2 M KCl-HCl buffer (pH 2.2). After allowing the mixture to stand at 25°C for 20 min, the buffer-treated suspension (0.1 ml) and a 10-fold dilution of the suspension (0.1 ml) were inoculated onto Wadowsky-Yee-Okuda agar (Okuda et al., 1984) supplemented with α-ketoglutarate (WYOα) plates (Eiken Chemical Co., Ltd, Tokyo, Japan). The inoculated plates were then incubated for 7 days at 37°C. Identification of legionellae and determination of the species and/or serogroups were performed by slide agglutination tests with polyclonal antisera (Denka Seiken Co., Ltd, Japan) as previously described (Miyamoto et al., 1997a) .
Sampling of Legionella aerosols in an outdoor air environment
Air samplings were performed by an impactor or by impingers just after the cooling tower water samples were obtained. (1) Impactor method: A six-stage microbial air sampler (Andersen Samplers, GRASEBY, Atlanta, GA) (Andersen, 1958) with WYOα plates was used to collect legionellae. Nutrient agar plates (Nissui Pharmaceutical Co., Osaka, Japan) were also employed for detecting fungi and non-legionellae. The multistage microbial air sampler, consisting of a series of six metal plates, each containing perforations of successively smaller diameter, separates incoming particles by size ranges and collects droplets on Petri dishes containing WYOα placed on each stage. Particles of less than 5 µm in diameter were collected on the lower stages (plates 3-6) of the device. The impactor was set at 30 cm above the fan of the cooling tower, and the sampling was done at a flow rate of 28.3 l./min for 30 min (total air volume: 849 l.). The media were immediately stored under cool conditions for 1-2 h after the sampling, then incubated at 37°C for 4 days.
(2) Impinger method: Specially-made impingers were used, which could hold large volumes of liquid and could be used to sample large volumes of air. Each was made from a 500 ml glass flask, with an inlet jet tube of internal diameter 6.2 mm and a jet diameter of 1.6 mm. The jet was 2 mm from the bottom of the flask. Two impingers filled with 110 ml of BYE broth were set at 50 cm above the fan of the cooling tower, and sampling was done at a flow rate of 5 l./min for 120 min (total air volume: 600 l.). Before and after the sampling, both of the collecting fluids (BYE broth) were stored under cool conditions. Each sample was divided into two portions before the culture, and then one of the portions (100 ml) was centrifuged at 6000g for 30 min and the other portion was stored at 4°C. The supernatant was removed from each sediment, and 0.5 ml of the remaining sediment (about 2.5 ml) was mixed with an equal volume of 0.2 M KCl-HCl buffer (pH 2.2) and left for 20 min at 25°C. The buffer-treated suspension (0.1 ml) and a 10-fold dilution of the suspension (0.1 ml) were inoculated onto WYOα and nutrient agar plates, and then incubated for 7 days at 37°C. The remaining sediments (condensed solutions) were stored at 4°C and inoculated onto WYOα at 16 days after the sampling. Uncondensed solutions were also inoculated onto WYOα and nutrient agar plates as described above. Uncondensed solutions were also inoculated onto WYOα and nutrient agar plates in the manner described above after storage for 16 days at 4°C.
PCR fingerprintings
To assess the epidemiological relationship between Legionella isolates from the air samples and the cooling tower water samples, repetitive element PCR (rep-PCR) (Georghiou et al., 1994) and arbitrarily primed PCR (AP-PCR) (Van Belkum et al., 1993) were performed by the method previously described (Miyamoto et al., 1997b) . PCR-amplified DNA fragments (8 ml each) were separated in 2% agarose gels (Nusieve 3:1agarose; FMC BioProducts, Rockland, ME) with TAE buffer (40 mM Tris-acetate, 2.0 mM EDTA pH 8.3) and visualized by ethidium bromide staining. A 100-bp DNA ladder (Pharmacia Biotech Co., Ltd, Tokyo, Japan) was also used as a DNA size marker.
RESULTS
Collecting fluids for the impinger
To evaluate the suitability of four kinds of collecting fluids, aerosols of L. pneumophila SG1 were sampled in impingers containing either PBS, Page's saline, 2% YE solution, or BYE broth. As shown in Fig. 2 , the efficiency of Page's saline in recovering culturable L. pneumophila was significantly lower than that of other tested solutions (PϽ0.01) just after the sampling. A decrease of CFUs was observed in both PBS and 2% YE solution during storage of these collection fluids at 4°C. However, no remarkable decrease in the number of bacteria was observed in Page's saline or BYE broth for 4 days after the sampling, and there was no significant difference in bacterial number between Page's saline and BYE broth until 14 days. Consequently, BYE broth was selected for collection fluid.
Cooling tower water samples L. pneumophila SGs 1, 3 and 6 were isolated from water in the cooling tower. Viable counts of legionellae were 1.2±0.3×10
5 CFU/100 ml in the cooling tower water. 
Impactor sampling for legionellae
In the impactor method with WYOα plates, no legionellae were detected from the air around the cooling tower (Table 1) . Although WYOα contains amphotericin B for inhibition of fungal growth, the plates were overgrown with fungi and bacteria other than legionellae.
Impinger sampling for legionellae
In the impinger method with BYE broth, legionellae were not detected by the inoculation onto WYOα plates just after the sampling. One colony of L. pneumophila SG 6 (SI961001-1) was detected from one condensed solution (about 2.5 ml) stored at 4°C for 16 days (Table 2) . In this sampling, the airborne Legionella concentration was estimated as 0.09 CFU/l. air by the calculation using both a ratio of condensation and air volume through a sampling solution.
PCR fingerprinting
Typing of L. pneumophila strains isolated from the water or the air samples was done by PCR fingerprintings. The rep-PCR provided two distinct fingerprints for six L. pneumophila SG 6 strains. Five strains-all those except SI961022-1 (lane 3)-generated indistinguishable rep-PCR fingerprints [ Fig.  3(A) ]. In AP-PCR, three different fingerprints were identified within the six strains. Both epidemiologically unrelated L. pneumophila SG 6 strain (ATCC 33215, lane 1) and SI961022-1 (lane 3) were distinguished from the other four strains [ Fig. 3(B) ]. The strain isolated from the air sample (lane 2) produced rep-PCR and AP-PCR fingerprints identical to those of the three SI strains isolated from the cooling tower water (lanes 4, 5 and 6).
DISCUSSION
In this study, we attempted to detect legionellae from air around a factory cooling tower contaminated with L. pneumophila (1.2±0.3×10
5 CFU/100 ml) using an impinger with BYE broth or an Andersen cascade impactor with WYOα.
The Andersen cascade impactor using WYOα plates failed to detect legionellae, although this sampler has been reported to have almost the same sampling efficiency as AGI-30 for collecting some bacteria (Jensen et al., 1992) . In a study by Breiman et al. (1990) , air sampling by an Andersen cascade impactor with BCYEα plates also failed to detect legionellae, for reason that the plates were overgrown with contaminants. One of the causes of the present failure was that the plates were overgrown with fungi as in the Breiman study. Another cause may have been the extreme dryness of the agar plates at the time of the sampling, since it is known that legionellae require suitable humidity for their viability (Berendt, 1980; Hambleton et al., 1983) . When a cascade impactor is used for the detection of airborne legionellae, it is thus important to consider the sampling conditions or technical methods (sampling time, pretreatment, etc.). As a medium for sampling, supplementation of the WYOα agar with another anti-fungal agent, such as cycloheximide, which is commonly used to inhibit rapidly growing saprophytic fungi, might be effective for the reduction of fungi. It is believed that the cascade impactor provides valuable information in regard to droplet size, and that this instrument is suitable for sampling of fungi and some bacteria. In addition, the cascade impactor is relatively easy to use, and does not require pretreatment of samples before culturing. Therefore, sampling and detection of airborne legionellae by a cascade impactor such as the Andersen sampler would be useful if the problems of dryness and contamination by fungi could be overcome. Clearly, further studies will be needed on the use of cascade impactors for sampling and detection of airborne legionellae.
Since the impinger has been shown to be relatively inefficient at collecting fungal spores (Silas et al., 1986) , the impinger method may overcome the problem of fungal contamination in air sampling of legionellae, provided a suitable collecting fluid could be selected. Further, the impinger method also prevents extreme drying of collected aerosols. We therefore investigated the use of an impinger for detection of airborne legionellae. First, four kinds of collecting fluid were tested to evaluate the suitability of the impinger in laboratory experiments. Page's saline has been shown to be suitable for sampling of living amoebae (Page, 1967) , and 2% YE solution has been successfully used for sampling of legionellae by Breiman et al. (1990) . In the present study, PBS and BYE broth were used because their respective constitutions were similar to Page's saline and 2% YE solution.
As shown in results, trapping and survival rates of bacterial number in BYE broth were better among the sampling fluids. Further, a larger amount of 2% YE solution than BYE broth (containing 1.2% yeast extract) was effluent from the impinger to the pump during the experiments. The rate of loss of YE solution was about 20%, while that of BYE broth was about 5%. When the efficiency of using a backup filter or second impinger was examined, the flow rate decreased remarkably with increasing pressure of the vacuum pump. Based on these results, and because a storable collecting fluid with smaller sampling loss is desirable, especially for an outdoor sampling of legionellae, BYE broth was selected as a collecting fluid for the impinger and a single impinger was used for outdoor air samplings.
Next, the impinger with BYE broth was used to sample the outdoor air around the Legionella-contaminated cooling tower. No legionellae were detected when the collecting fluid (BYE broth) was inoculated onto WYOα just after the sampling. However, L. pneumophila SG6 was recovered from the same collecting fluid (BYE broth) stored at 4°C for 16 days after the sampling. It is unclear why L. pneumophila was isolated from the collecting fluid that was stored for 16 days but not from that used immediately after air sampling; however, there is a possibility that viable but nonculturable (VBNC) bacteria were resuscitated during the storage at 4°C. The presence of VBNC is well known in L. pneumophila (Hussong et al., 1987; Yamamoto et al., 1996) . Another possibility is that L. pneumophila in a lower metabolic state may have been preferentially collected in the BYE broth, since aerosolized L. pneumophila with a lower metabolic activity can survive better than that with a higher metabolic activity (Hambleton et al., 1983) . Bacteria having low metabolic states may not start to grow immediately after the sampling.
Only one colony was recovered from the outdoor air by the impinger, indicating that 0.09 CFU/l. air of L. pneumophila was present. The collection efficiency of the impinger method could not be evaluated because there are no other reports regarding air samplings from outdoor air. Recently, Berk et al. (1998) reported that two amoebae species expelled respirable vesicles containing live L. pneumophila, and showed that 1 CFU was obtained from the one vesicle containing between 20 and 200 bacteria. The one colony recovered in this study might not correspond to one bacterium. Direct microscopic examinations such as those by direct-or indirect-fluorescent antibody techniques and in situ hybridization might be useful for detection of legionellae from sampling solutions.
Genotyping methods by PCR were employed to assess the epidemiological relationship among Legionella isolated from both the air sample and the cooling tower water samples, since standard typing schemes, which generally use international panels of monoclonal antibodies (Addiss et al., 1989; Keller et al., 1996; Breiman et al., 1990; Joly et al., 1986) , are not available for L. pneumophila strains other than serogroup 1. PCR fingerprintings showed that the bacterium isolated from the air sample was identical to each of several L. pneumophila SG6 strains isolated from the cooling tower water. Since the combination of rep-and AP-PCR fingerprinting used here has high discriminatory power and reproducibility compatible to that of ribotyping or pulsed-field gel electrophoresis (Miyamoto et al., 1997b) , this result strongly suggested that the L. pneumophila SG6 strain detected in the air was aerosolized from the contaminated cooling tower water.
In this study, it was revealed that L. pneumophila aerosolized from a contaminated cooling tower was present in outdoor air. Although further studies evaluating the performance-including the trapping efficiency-of the impinger method will be needed to optimize its use with BYE broth in environmental surveys, the method might help to establish sources of Legionnaires' disease in such open spaces as factories, hospitals, office buildings, and hotel lobbies.
